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a b s t r a c t
We have been developing gaseous photomultiplier tubes (PMTs) with a bialkali photocathode combined
with micropattern gas detectors (MPGDs). The sensitivity of a PMT is described in terms of its quantum
efﬁciency (QE). The QE is very important in many experiments, particularly when dealing with low
photon statistics. A concise QE measurement system has been developed to evaluate the characteristics
of a sealed gaseous PMT with a bialkali photocathode. This QE measurement system consists of a Xe arc
lamp source, reﬂective optics and ﬁlters, a monochromator, and a reference Si photodiode detector. Using
the system, we evaluated the QE, gain, and long-term stability of the gaseous PMT. Here, we report the
results of our evaluation.
& 2013 Elsevier B.V. All rights reserved.
1. Introduction
Over the last few years, there has been much effort devoted to
the development of a gaseous photomultiplier tube (PMT) with a
micropattern gas detector (MPGD) sensitive to light in the vacuum
ultraviolet to infrared wavelength regions [1–4]. A potential
advantage of the gaseous PMT is that it can achieve a very large
effective area with still adequate position and timing resolutions.
In addition, it can easily be operated in a very high magnetic ﬁeld
in contrast to a conventional vacuum-based PMT.
In the normal operation of a gaseous PMT with a photocathode
and MPGDs, ions are produced during the electron multiplication,
and a fraction of these ions reach the photocathode as ion feed-
back. The ion feedback produces secondary electrons by interact-
ing with the photocathode, and such electrons cause successive
avalanches. The effect of the ion feedback may limit the gain of the
gaseous PMT and cause the aging of the photocathode [4]. In fact, a
degradation of 16% in the quantum efﬁciency (QE) was observed
for a gaseous PMT with a CsI photocathode when the accumulated
charge due to the ion feedback reached 25 μC=mm2 [5].
This effect might be more serious for a gaseous PMT with a
bialkali photocathode because the work function of the bialkali
photocathode is lower than that of the CsI photocathode. There-
fore, understanding the dependence of the QE on the rate of ion
feedback is important to satisfy the demand for higher-sensitivity
and long-term photon detectors.
We have developed a concise, inexpensive, and fully automated
QE measurement system to evaluate the sensitivity of a gaseous
PMT. In this paper, we report not only on the concise QE
measurement system but also on the long-term performance of
the gaseous PMT with the bialkali photocathode.
2. Long-time operation of the gaseous PMT
To investigate the characteristics of the gaseous PMT during
long-time operation, we ﬁrst constructed a gaseous PMT with a
double Micromegas detector [6] in accordance with our previous
work [4]. Fig. 1 shows a photograph and the schematic view of the
experimental setup using the double Micromegas detector with a
bialkali photocathode. The space between the ﬁrst and the second
mesh is 500 μm, and the distance between the second mesh and
the anode plate is 500 μm as well. The gaseous PMT was ﬁlled with
a Ne (90%) þ CF4 (10%) gas mixture at 0.9 atm. A NaI(Tl)
scintillator was optically coupled to the entrance window of the
gaseous PMT. The NaI(Tl) scintillator was irradiated with an
isotropic 137Cs γ-ray source.
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The output current from the anode of the gaseous PMT was
monitored during the operation. The gas gain was 670 and the
current output values were normalized to the initial value at 0 h.
The relative output current from the anode of the gaseous PMT is
shown in Fig. 2 as a function of the operation time. After 182 h of
operation, when the accumulated anode charge exceeded 5 mC, a
17% decrease in the anode signal was observed for the gaseous
PMT. The charge accumulated on the bialkali photocathode was
estimated to be 0:4 μC=mm2, taking into account the ion feedback
of 4% and the event rate of 2940 counts/s for the gaseous PMT. The
pulse height spectra for 662 keV γ-rays, obtained before (0 h) and
after (182 h) this aging test, are shown in Fig. 3. The peak channel
of the pulse height distribution obtained at 182 h was shifted to a
channel that was about 20% lower than that obtained at 0 h. The
energy resolutions were 18.2% (FWHM) and 19.0% (FWHM) at 0 h
and after 182 h of operation, respectively. Hence, the resolution
after 182 h of operation was slightly inferior to the one before the
aging test. These results imply that the decrease in the output
signal was caused by the degradation of the QE of the gaseous
PMT. Fig. 4 shows the QE of the sealed gaseous PMT ﬁlled with a
Ne (90%) þ CF4 (10%) gas mixture at 0.9 atm obtained before and
after 182 h of operation. The QE was degraded in the wavelength
range from 270 nm to 770 nm after the 182 h operation. The QEs at
a wavelength of 380 nmwere 10.4% and 7.8% at 0 h and after 182 h
of operation, respectively. The ratio of the QEs before and after
182 h of operation decreased with increasing wavelength. This
result indicates that the accumulated ions ðCFþ4 Þ may affect the
electron afﬁnity of the bialkali material of the photocathode.
3. Concise QE measurement system
Understanding the dependence of the QE on the amount of ion
feedback for various gas mixtures is important to satisfy the
demand for higher-sensitivity and long-term photon detectors.
We have developed a QE measurement system to evaluate the
characteristics of gaseous PMTs.
Fig. 1. (a) Photograph, and (b) schematic view of a sealed gaseous PMT with
bialkali photocathode and double Micromegas detector. The sealed gaseous PMT
ﬁlled with Ne (90%) þ CF4 (10%) at 0.9 atm was connected to a NaI(Tl) crystal and
irradiated with 662 keV γ-rays from a 137Cs source.
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Fig. 2. Relative output current from the anode of the gaseous PMT with bialkali
photocathode and double Micromegas detector as a function of operation time. The
gaseous PMT was ﬁlled with a gas mixture of Ne (90%) þ CF4 (10%) at 0.9 atm.
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Fig. 3. Pulse height spectra for 662 keV γ-rays obtained using a gaseous PMT ﬁlled
with Ne (90%) þ CF4 (10%), before and after the aging test. The peak ADC channel
after the 182 h operation is lower by about 20% compared to the one at 0 h.
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Fig. 4. QEs of the gaseous PMT with bialkali photocathode and double Micromegas
detector ﬁlled with Ne (90%) þ CF4 (10%) at 0.9 atm, as measured before (0 h) and
after (182 h) the aging test.
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3.1. Description of the QE system
Fig. 5 shows a schematic diagram of our concise QE measure-
ment system. It consists of a Xe arc lamp, an optical system, an
automatic optical ﬁlter, an automatic monochromator, and alter-
nately a reference detector or a sample detector. White light from
the Xe arc lamp is collected and focused onto an automatic optical
ﬁlter. The white light passing through the ﬁlter is collimated onto
an optical diffraction grating with a high-spatial-frequency pattern
of 600 lines/mm. The diffracted light is then collected and colli-
mated to a size of 10 mm2 on the reference detector, or on a
sample detector. The selected wavelength can range from 270 nm
to 800 nm, in steps of 10 nm. A calibrated Si photodiode (SiPD,
Hamamatsu S1337) is used as the reference detector for the QE
measurements.
The QE of a sample detector is measured by the following
steps: ﬁrst, the reference detector is set in the QE system, and the
photoelectric current IS1337 for the monochromatic light of wave-
length λ is measured with a picoammeter (Keithley 6485). The
spectral irradiance P [W/cm2] of the monochromatic light is then
calculated from the spectral response (SR) of the reference
detector (SRS1337) using the following equation:
P W=cm2
 ¼ IS1337 ½A
SRS1337 ½A=W
 1
AS1337 ½cm2
ð1Þ
where AS1337 is the irradiated area of monochromatic light on the
reference detector. Next, the reference detector is replaced with
the sample detector, which as well is irradiated by the monochro-
matic light of wavelength λ. The photoelectric current (ISample) is
measured while the sample is exposed to the monochromatic
light. The spectral response of the sample (SRSample) is calculated
from the spectral irradiance P [W/cm2] obtained in the reference
measurement, using the following equation:
SRSample A=W
 ¼ ISample ½A
P ½W=cm2 
1
ASample ½cm2
ð2Þ
where ASample is the irradiated area of monochromatic light on the
sample detector. Finally ηðλÞ, the QE of the sample detector for the
wavelength λ is derived from the relationship
η λð Þ ¼ hc
eλ
 SRSample ð3Þ
where h is Planck's constant, c is the velocity of light, and e is the
elementary charge of an electron.
The performance of the QE system has been veriﬁed with a
conventional vacuum-type PMT from Hamamatsu Photonics. The
measured QE was consistent within 1% with the values given in
the PMT data sheet for wavelengths between 280 nm and 750 nm.
3.2. Evaluation of the gaseous PMT with the QE system
Using the QE system, the evaluation was performed for a
gaseous PMT consisting of a bialkali photocathode, a microblasted
glass plate (MB-GP) [5], and an anode plate. Fig. 6 shows a
schematic view of this gaseous PMT. The gaseous PMT, ﬁlled with
an Ar (90%)þ CH4 (10%) gas mixture at 0.9 atm, was set in the QE
system. The QE was determined by measuring the photoelectron
current at the photocathode (Icathode). We deﬁned the current at
the top of the MB-GP (IGP-top) for the monochromatic light of
400 nm wavelength as the initial current I0 of the gaseous PMT. In
these measurements, the electric ﬁeld between the photocathode
and the top of the MB-GP was maintained at 200 V/cm, and the
other electrodes were set at ﬂoating potential.
The gain and ion feedback of the gaseous PMT were investi-
gated by irradiating it with monochromatic light of 400 nm
wavelength, and by measuring the signal currents at the anode
(IAnode), at the top and the bottom of the MB-GP (IGP_top, IGP-bottom),
and at the photocathode (ICathode) while varying the applied
voltage across the MB-GP ðΔVMBGP ¼ VGPbottomVGPtopÞ. The
gain of the gaseous PMT was derived from the ratio of the anode
Xe
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Optical
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Fig. 5. The QE measurement system, consisting of a Xe arc lamp, an optical system,
an automatic optical ﬁlter, an automatic monochromator, and alternately a
reference detector or a sample detector.
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Fig. 6. Schematic view of the experimental setup with a gaseous PMT consisting of
bialkali photocathode, microblasted glass plate (MB-GP), and anode plate.
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Fig. 7. Electrode currents of a sealed gaseous PMT with a bialkali photocathode and
a MB-GP as a function of the voltage applied to the MB-GP (ΔVMBGP). The detector
was ﬁlled with a gas mixture of Ar (90%) þ CH4 (10%) at 0.9 atm. Since the gas
multiplication in the detector occurred when ΔVMBGP was above 500 V, all
measured currents remained negligible below this voltage.
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current (IAnode) to the initial current: Gain¼ IAnode/ I0. Fig. 7 shows
the dependence of the different signal currents on the applied
voltage across the MB-GP.
An aging test of the gaseous PMT was also performed by
continuously irradiating it with monochromatic light. We set the
light ﬂux corresponding to the initial current (I0) of 20 pA. The
gain of the gaseous PMT was set to be approximately 10 at the
applied voltage of 620 V across the MB-GP. Fig. 8 shows the anode
current (IAnode) for the gaseous PMT as a function of the operation
time. One can see that the anode current is almost constant during
the operation time of 16 h. The accumulated charge on the bialkali
photocathode was estimated to be 34 nC/mm2, taking into account
the ion feedback of 21% for the gaseous PMT. The QEs of the
gaseous PMT obtained before and after 16 h of operation are
shown in Fig. 9.
4. Conclusion
We investigated a sealed gaseous PMT, containing a Ne (90%) þ
CF4 (10%) gas mixture at 0.9 atm and equipped with the semi-
transparent bialkali photocathode. As a result of an aging test of
the gaseous PMT, the QE was degraded by approximately 20%
when the accumulated charge on the photocathode reached
0:4 μC=mm2.
A concise QE measurement system was developed to evaluate
the characteristics of the sealed gaseous PMT with a bialkali
photocathode. The QE measurement system consists of a Xe arc
lamp source, reﬂective optics and ﬁlters, a monochromator, and a
reference Si photodiode detector. Using this system, we evaluated
the QE, the gain, and the long-term stability of the gaseous PMT
ﬁlled with an Ar (90%) þ CH4 (10%) gas mixture at 0.9 atm. We are
currently studying the dependence of the aging of the bialkali
photocathode on the gas mixture and on the ion feedback.
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Fig. 9. QEs of the gaseous PMT with bialkali photocathode and MB-GP, ﬁlled with
Ar (90%) þ CH4 (10%) at 0.9 atm and measured before (0 h) and after the aging test
(16 h).
-0.5
-0.4
-0.3
-0.2
-0.1
0
0 5 10 15 20
A
no
de
 c
ur
re
nt
 [n
A
]
Time (h)
ZH0030
Fig. 8. Anode current of the gaseous PMT with a bialkali photocathode and a MB-
GP as a function of operation time. The ﬁlling gas was an Ar (90%) þ CH4 (10%)
mixture at 0.9 atm.
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